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ABSTRACT

Weevils (Sitophilus spp) are serious pests that can damage sorghum grains in stores if not controlled. The infestation of
sorghum by the pest can cause huge economic loss ranging from 15% to 75% depending on levels of susceptibility.
While the weevil uses several infection mechanisms such as avoidance, adaptation and sequestration to arrest its host, the
host plant has developed certain chemical mechanisms for defence. The weevil must overcome the hosts’ defensive
layers of chemical compounds such as protein resistant molecules, tannin, phenolics and flavonoids that confer
antixenosis and or antibiosis functions in sorghum. Besides, the biochemical molecules present in sorghum are also
responsible for modulating grain hardness and strength, which are important phenotypic parameters for grain resistance
to weevil in sorghum. This paper reviews traits and or their associated produced chemical compounds in sorghum and
reveals the gaps or need for incorporating appropriate desirable traits in sorghum through plant breeding techniques as a
strategy towards management of grain weevils in sorghums.
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INTRODUCTION

Sorghum (Sorghum bicolor L.) is a cereal crop
largely used for food and forage, hay or silage and
production of local brewers in semi-arid and arid tropics
worldwide (Reddy et al., 2008; Mukarumbwa and
Mushunje, 2010; Macauley, 2015; Mafuru et al., 2016).
Its stem can be used for building, weaving, fencing,
firewood and broom making (Ogolla et al., 2016).
Industrially, it can be used for production of fiber, starch,
dextrose syrup, biofuels and alcohol (Sinha and
Kumaravadivel, 2016). Worldwide, Sorghum ranks fifth
among cereals with annual production of about 55.1 MT
(Weledesemayat et al., 2016; Oyier et al., 2016). Despite
its importance, there exist several production challenges
such as decreasing soil fertility, use of unimproved
genotypes, extreme drought insect pests and diseases. Of
the pest, grain weevil (Sitophilus spp.) has been cited to
be one of major biotic challenge of sorghum production
especially in developing countries where proper
management options are limited (Mofokeng et al., 2016).
The weevils cause damage by feeding and laying some
eggs on grains when the crop is in the field and or during
storage time, thus, reducing quality and quantity of the
sorghum grains (Mendesil et al., 2007; Ladang et
al.,2008). There are three major economic important

grain weevils species namely rice weevil (Sitophilus
oryzae), granary weevil (Sitophilus granarius) and maize
weevil (Sitophilus zeamais) (Young, 1977; CTA, 1998;
Dal Bello et al.,2000; Mofokeng, 2016). Grain damage
by these weevil species is dependent on whether the
sorghum genotypes are susceptible. In susceptible host,
the weevil can succeed to attack the host where as in
resistant sorghum genotypes, grain weevil attack is
restricted (Huang et al., 2013). War et al. (2012)
associated three important aspects that make sorghum to
be either susceptible or resistance to attack; the factors
are genetic, morphological and biochemical composition
of sorghum grain. These factors are the ones involved in
plant defence mechanism against pests (Russell, 1966;
Williams, 1978; Chandrashekar and Mazhar, 1999;
Jadhav, 2006; Chandrashekar and Satyanarayana, 2006;
Fürstenberg-hägg et al., 2013). The crop contains starch,
protein resistance molecules and secondary metabolites
also known as phytochemicals including phenolic
compounds including phenolic acids, coumarins,
flavonoids and condensed tannin or proanthocynidins;
phytosterols and policosanols (Awika and Rooney, 2004;
Dykes et al., 2005; Saxena et al., 2013; Vieira et al.,
2015). The secondary metabolites have been described to
have deterrence, anti-feedant and toxicity properties that
act as precursors to physical defence against insect pests
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and pathogens (Bennett, 1994; Muzemu et al.,2013) as
shown in Figure 2.

The recommended weevil’s control strategies in
sorghum include provision of physical barriers, cultural
methods such as sanitation; the use synthetic chemical
insecticides, biological methods and the use of resistant
cultivars (Mofokeng, 2016). Despite of its dominance the
use of synthetic chemicals in sorghum storage have been
implicated with high purchase costs to farmers, potential
health effects from residuals and environmental pollution
(Talebi et al., 2011). Thus, causes fear among users of
sorghum grains (Gracen and Guthrie, 2008). Sorghum
resistance remains the best and sustainable strategy in
controlling weevils (Chandrashekar and Satyanarayana,
2006). Biochemical molecules in sorghum grain are
regarded as constitutive host plant resistance (War et al.,
2012). According to Bergvinson and Garcia-Lara, (2004);
Gerrano et al. (2014); Abraha et al. (2015); Turner et al.
(2016) these bio-chemical molecules are genetically
controlled. Unfortunately, this information is not fully

deployed in developing resistant sorghum varieties to
grain weevils particularly in developing countries where
weevil infestation is much bigger. Understanding of
chemistry in sorghum and its interaction with weevils
would contribute to identification of reliable sources of
weevil resistance to be utilised as parental materials in
sorghum breeding. Resistant chemical molecules,
breeding strategies and approaches have been explored in
this paper.

Effect of grain weevil’s infestation on sorghum: Figure
1 shows the effect of grain weevils infestation on
sorghum; where kernel damage caused by weevil
infestation reduces sorghum grain quality through weight
loss, nutritional loss, growth of microbes (Mason and
McDonough, 2012), decrease in the thiamine/protein
content (Venkatrao et al., 1958), accumulation of urine
which increases chances of grain rancidity, poor seed
germination and reduced market value of the crop
(Mofokeng, 2016).

Figure 1. Effect of grain weevil’s infestation on sorghum

Grain weevil attack strategies: Like any other insect
pest, grain weevils use several strategies to attack
sorghum grain including boring the kernel by adults,
laying eggs in cavity and larvae feeding inside the kernel
(Mason and McDonough, 2012). To ensure their survival,
feeding and reproduction, grain weevils use several

strategies to overcome the grain or seed defence barriers;
these include detoxification of toxic chemical
compounds, avoidance mechanisms, sequestration of
poison and alteration of gene expression pattern (Mello
and Silva-filho, 2002).
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Figure 2. Plant – insect (grain weevil) interaction

Sorghum defence strategies against grain weevils: The
complex interaction between sorghum and weevils
comprises a diverse range of defence through sorghum
grain resistance traits including antibiosis (resistance),
antixenosis (deterrence) or non-preference and tolerance
(Boots et al., 2009; Kant et al., 2015). These resistance
traits control the level of damage from insect attack and
when the interaction is in favour of the host sorghum
grain, the weevil abundance can be altered (Painter, 1951;
Huang et al., 2013; Bustos-Segura et al., 2014).
Antixenosis and antibiosis defensive strategy makes use
of biochemical compounds in sorghum grain; these
chemicals can be described as constitutive host plant
defences because chemical traits are formed prior to

insects attack (Huang et al., 2013). However, it is
possible to induce the response through genetic
engineering to make defensive compounds constitutively
produced in plants and provide potential means of
developing resistant sorghum cultivars to insect (War et
al., 2012). In order for breeder to understand the
antibiosis and antixenosis in sorghum genotypes a choice
or no-choice laboratory procedures must be used (Dent,
2000).

Antibiosis resistance: Antibiosis resistance has an
impact on grain weevils biology especially in the survival
or longevity, development and oviposition or
reproduction behaviour of the insect (Gu et al., 2008).
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According to Kant et al., (2015) antibiosis resistance
traits can harm or kill insect or slow its development and
oviposition. Sharma (1993), have associated this type of
resistance with higher concentration of tannin and
protein. The higher the tannin and protein the higher the
resistance in sorghum genotype. The antibiosis resistance
may also be due to both biophysical and biochemical
factors including presence of toxic materials such as
secondary metabolites, absence of sufficient amount of
nutrients and even nutrient imbalance (Mendesil, 2014).
Secondary metabolites, for example, can repel or
intoxicate insects while the defence protein can obstruct
with insect digestion (Fürstenberg-hägg et al., 2013).
Therefore, antibiosis with other components of resistance
seems to be potential strategy in breeding programs to
develop resistant sorghum cultivars to insect pest such as
grain weevil (Sharma, 1993).

Antixenosis: The term antixenosis has been originated
from Greek word “xeno” which explains the
ineffectiveness of a plant to be a host to anthropod
(Smith, 2005). Antixenosis refers to non- preference of
grain weevil in a resistant sorghum genotype as compared
to a susceptible genotype; it, therefore, affects the insect
(weevil) behaviour (Reddy et al., 2002). During
interaction of insect-plant, the insect tends to choose an
alternative plant host. Non-preference explains the reason
why some plants become less damaged than others as a
response to insect pests. According to Kant et al. (2015)
antixenosis or deterrence traits are always constitutively
articulated and can be from grain colour, odour and even
textures that discourage insect pest from feeding, absence
of feeding stimuli injuring or killing an insect pest or just
slowing its oviposition and development.
Morphological/physical barriers on subject plants might
cause insects to unrestraint efforts to oviposit and feed on
non antixenous plant (Smith, 2005).

Resistant sorghum genotype could lack
sufficient levels of secondary metabolites to stimulate
insect oviposition, and feeding (Lattanzio et al., 2006).
Insect resistant plants possesses secondary metabolites
that prevent herbivores from oviposition and feeding
(War et al., 2012); In addition, resistant sorghum
genotype may possess chemicals that are toxic to insects
after ingestion of plant materials (Huang et al., 2013).
Antixenosis is evident in cultivars of some crops such as
sorghum with structures like glume and grain husk
(Smith, 2005). Thus, Reddy et al. (2002) in the study on
resistance to rice weevil in relation to antixenosis
responses suggested the need for identification of greater
levels of antixenosis to Sitophilus oryzae especially in
developing parental lines when developing hybrids.

Tolerance: Tolerance refers to the ability of sorghum
genotype to tolerate injury or recover from damage
caused by insect abundance through compensatory
physiological course (Koch et al., 2016). It also refers to

plant response to insect, it differs with antibiosis and
antixenosis on how it affects insect plant relationship,
because antibiosis and antixenosis involves insect
response to resistant plant host on oviposition, shelter and
food (Gu et al., 2008). According to Kant et al. (2015)
tolerance traits do not negatively interact with insect pest
but compensate for damage. However, there are still little
available information on tolerance mechanism against
insect pest (Koch et al., 2016), thus understanding of
applicability of tolerance mechanism in sorghum grain
resistance against weevils is essential.

Overview of the nutritional components in sorghum
grain: Nutritional chemical composition in sorghum
grains has been widely reviewed (Khalil et al., 1984;
Kulamarva et al., 2012; Mabelebele et al., 2015).
Sorghum is a source of nutrition molecules such as
carbohydrate, protein, vitamins and minerals such as
phosphorus (P), potassium (K), magnesium (Mg), iron
(Fe) and zinc (Zn) (Virupaksha and Sastry, 1968; Clark
et al., 1990; Pontieri et al., 2014; Ajiboye et al., 2014;
Badigannavar et al., 2016). According to Prasad et al.,
(2015) sorghum grain nutrients may determine food
suitability to storage insect pests. For instance, Keskin
and Ozkaya, (2013) found higher content of minerals in
the wheat and flour samples infested by Sitophilus
granarius, while the level of thiamine and riboflavin
were found to be lower. However, there is an insufficient
literature on the role of mineral elements in the weevil-
sorghum interaction; therefore, more studies are needed
to investigate the role of mineral elements in this
antagonistic interaction. An understanding of the role of
mineral elements in the interaction would help define the
significance of these minerals in sorghum and enable to
maximise the benefits from such minerals.

Starch in sorghum grain: Starch is a major chemical
component of sorghum grain (Sang et al., 2008), making
up 69.5 - 83% of the endosperm (Wall and Blessin,
1969; Waniska et al., 2004; Felix et al., 2015). The starch
granules of sorghum look like those of corn in size, range
and shape, and their molecular structure shows linear
chains of glucose linked by α-1,4 and α-1,6 glycosidic
bonds forming two types of molecules namely
amylopectin and amylose (Hernandez, 2012). About 70 –
80% of starch in sorghums is made up by amylopectin;
with exception of waxy sorghums. The remaining 20-
30% of starch in sorghum consist of amylose content.
The proportions of amylopectin, amylase and glucan
chains govern the structure of starch in sorghum
(Mutisya, 2004).

There is a positive correlation between starch
depth, arrangement and the extent of resistance to
damage by the Sitophilus (Pendleton et al., 2011). The
higher the proportions of amylose the harder the grain, a
trait that is controlled by a master gene which controls
management of different biochemical events
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(Chandrashekar and Mazhar, 1999). Chippendale (1972)
and Longstaff (1981) reported the effect of dietary
carbohydrates in cereals and its role in feeding behaviour,
consumption, and survival of S. oryzae and found that
weevils survived well on diets with 72% (w/w) cereal
starches and amylopectin, but not in diets having
amylase, cellulose and mono/disaccharides; therefore
they concluded that there were significant contribution of
amylopectin chains of cereal starches which provide
feeding stimulant and important nutrient to S. oryzae.
This is to say, starch content and its chemistry seem to be
an interesting parameter and can be used to describe
susceptibility of sorghum genotypes to Sitophilus spp.
However, more research studies are needed to find out if
dietary starch containing amylase can be a source of
resistance in sorghum grain, and assess its potential in
sorghum improvement programs in developing countries
to develop resistant sorghum cultivars to weevils.

Protein component in sorghum grain: Protein is the
second major nutritional component in sorghum grain
(Kulamarva et al., 2012), and the content of protein
varies between sorghum genotypes (Sastry et al., 1986).
The variation in grain composition may be due to
climatic conditions, fertilizer application and soil types
where sorghum is grown (Ebadi et al., 2005). Protein
content in sorghum genotypes ranges between 7.3 –
15.6% (Hulse et al., 1980). In irrigation schemes, grain
yield increases but protein content drops from 9.5% to
8.3% (Balko, 1975). Crop applied with nitrogen fertilizer
sources boosted both protein and yield (Wall and Blessin,
1969; Salem, 2015). The total nitrogen N content on a dry
basis of sorghum ranges from about 1-3% (Mosse et al.,
1988). Most of sorghum genotypes have deficient
essential amino acids such as lysine, threonine,
tryptophan and cysteine (Salunkhe et al., 1977). Protein
in sorghum is classified based on the solubility properties
such as glutelin (44%), prolamin (26%), albumin and
globulin (15%) (Ratnavathi and Patil, 2013). Prolamin
subfamily include zeins and kafirin (Holding, 2014).
Sorghum prolamins, termed kafirins, are categorized into
subgroups a, b, and c (Kumar et al., 2012). It appears that
the biochemical basis has an implication on kernel
hardness due to presence of prolamins (Holding, 2014),
where the hard grains and vitreous part of the grain have
c-prolamins which form the cement and a-prolamins
forming bricks, the reason being that prolamins shapes
the protein bodies through formation of disulphide bonds
between proteins, thereby forming both physical and
chemical (nutritional) barriers because of its resistance to
digestion by grain weevil (Chandrashekar and
Satyanarayana, 2006). The amount of prolamins in the
endosperm and protein body and its distribution can be
affected by the genetic and environmental conditions
(Chandrashekar and Mazhar, 1999); for instance,
sorghums grown under limited nitrogen are smaller in

size and lack vitreous endosperm, because of smaller and
less abundance of zein protein bodies, which fails the
formation of glassy like structure, because certain ration
of protein bodies, starch and viscous cytoplasm are
needed (Holding, 2014). Also the amount of resistance to
grain damage can be determined by kernel texture such as
hardness (vitreous) and soft endosperm (opaque) (Wu et
al., 2010; Holding, 2014). This information implies that
sorghum genotypes with less vitreous endosperm are
more susceptible to grain weevils.

According to Mello and Silva-filho (2002), in
crops like legumes, plant defence is associated with an
array of storage protein in seeds with entomotoxic
properties including α-amylase, proteinase inhibitors,
lectins and also globulins. These protein fractions can
also be found in sorghum grain and is associated with
grain resistance to Sitophilus spp. (Boisen, 1983; Nwosu
et al., 2015). During interaction these molecules interfere
with nutrients absorption and or inhibit digestive
enzymes of insect especially when lectin makes contact
with glycoprotein (Mello and Silva-filho, 2002). The α-
Amylase Inhibitors function as digestive enzyme
inhibitor and can be found in many plants including
sorghum grain and are directed to interact with α-
amylases from insects used for starch breakdown, as a
result restrain Sitophilus spp. during interaction
(Fürstenberg-hägg et al., 2013).

Various studies investigated the relationship
between protein concentration and number of adult’s
weevil emergence and grain damage parameters. For
instance, Murthy and Ahmed (1978) investigated eight
sorghum varieties against storage weevil and results
obtained indicated a positive correlation between number
of adults emerged and protein content in different
sorghum varieties; where genotype Y-75 had the lowest
number of adults emergence and had lower protein
content. Pradeep (2013) reported a positive correlation
between sorghum protein content and the grain damage
and population build-up of the S. Oryzae, where an
increase of one milligram in protein content of the
sorghum grain the grain damage increased by 0.85 per
cent, and the population build-up of weevils increased to
an extent of 0.50%. Nwosu et al. (2015) found that the
susceptibility of maize to Sitophilus zeamais were
increasing as protein level increases. However, Goftishu
and Belete (2014) reported that the most important cause
of resistance in sorghum against Sitophilus zeamais are
lysine content in the grain, where the higher
concentration of lysine in the genotype the higher
resistant genotype it is. Thus, it is important to
understand chemistry related to protein and associated
resistant protein molecules in grain sorghum; due to its
contribution in grain structure, grain strength and
resistance to insect pest. Screening effort for reliable
sources of protein and selection of appropriate breeding
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strategy to transfer this trait into farmers preferred
varieties are needed.

Review of secondary metabolites in sorghum grain:
Apart from nutritional chemical molecules, sorghum
grain is rich in Phytochemicals, also known as secondary
metabolites or anti-nutritional factors (Awika and
Rooney, 2004). Phenolic compounds in sorghum have
variety of genetically dependent levels including phenolic
acids, condensed tannin and flavonoids (Dobie, 1977;
Torres et al., 1996; Dykes and Rooney, 2006; Dykes and
Rooney, 2007). Phenolic compounds in sorghum grain
can also be divided into tannin and non-tannin
polyphenols, where the tannin sorghums have
proanthocyanins as a component of their phenolic
compounds but do not have tannic acid or hydrolyzable
tannins (Chandrashekar and Satyanarayana, 2006).

These chemical compounds are the basis of
antibiosis to storage pests such as grain weevil (Torres et
al., 1996; Kant et al., 2015), and therefore, associated
with weevil resistance, and thus, signifies its applicability
in sorghum breeding for resistant cultivars (Sharma et al.,
2005). To breed varieties with high phenolic compounds
it needs to screen many genotypes to get reliable sources.
Dykes et al. (2014) pointed out various techniques used
to determine relative phenolic levels among sorghum
genotypes including; colorimetric methods such as
Prussian blue, Folin–Ciocalteu, vanillin/HCl, butanol–
HCl and ferric ammonium citrate, and; Other methods
used to identify and quantify the specific phenolic
compounds including High performance liquid
chromatography (HPLC) attached with photodiode array
(PDA), mass spectroscopy (MS) detectors and
fluorescent. The role of phenolic compounds such as
phenolic acid, condensed tannin and flavonoids in
resistance against grain weevils is reviewed as under:

The role of phenolic acids in sorghum grain resistance
against grain weevil: The phenolic acids of sorghum are
present as benzoic or cinnamic acid derivatives (Awika
and Rooney, 2004). Phenolic acids and their derivatives
are everywhere in the plant kingdom; this implies that all
sorghums contain phenolic acids (Dykes and Rooney,
2006) in various forms including soluble and bound
forms, and plays greater role in cell wall structure (by
assembling phenolic compounds, structural proteins,
polysaccharides, and other cell wall materials) and
defence. Phenolic amines and the soluble phenolics were
known to lower insect attacks in grain; for example,
phenolic amines are known to prevent glutamate
dependent neuron receptors in insects, the compound is
contained in the aleurone (Bergvinson and Garcia-Lara,
2004).

The phenolic acids were reported to be in higher
concentration in the pericarp and or cell walls of the
endosperm, in addition the phenolic acid content in
cereals were found to have an association with hardness

of the grain which can be related to the mechanical
contributions of phenolic dimers to the grain cell wall
strength, it is also interesting to know that aleurone layer
has phenolic acid amines containing toxic effects to
insects (Pradeep, 2013). Bergvinson and Garcia-Lara
(2004) reported that the presence of peroxidases and
protein inhibitors build grain resistance against insects by
catalysing the polymerization of phenolic acids in
pericarp which limit insect attack. The presence of
phenolic acid in sorghum is also associated with
pigmentation of the grain (Lattanzio et al., 2006).

Various studies indicated a negative correlation
between level of phenolic acid and sorghum grain
damage and population build-up of the S. oryzae; for
example, Pradeep (2013) concludes that an increase in
phenol for one milligram, decreases sorghum grain
damage and population build-up of weevil by 0.5%.
Moreover, the study conducted to assess the function of
phenolic acids on hardness of eight maize and sorghum
cultivars, and revealed that the harder grains had higher
concentration of phenolic acids than the soft grains;
therefore, one can deduce that the content of phenolic
acids is a useful indicator of grain hardness and is useful
when discriminating hard and soft sorghum cultivars
(Chiremba et al., 2012). Considering the importance of
phenolic acids in developing grain strength and antibiosis
effect against weevils, a better understanding on the best
mechanism to increase its levels in susceptible sorghum
cultivars is critical to elevate sorghum resistance to
weevils.

The role of tannin in sorghum grain resistance against
grain weevil: Tannin is referred to complex phenolic
polymers with aliphatic and phenolic hydroxyl groups
and or carboxyl groups (Hagerman, 2002). There is a
great variation of tannin content between sorghum
genotypes; For instance, sorghum cultivars having
pigmented testa contain condensed tannins or
proanthocynidins (Waniska, 2000; Dykes and Rooney,
2006; Dykes et al., 2014). Thus, there is a great
relationship between grain colour of sorghum and the
tannin content (Sedghi et al., 2012). It is important to
note that, the pericarp colour of sorghum is not the
reliable indicator of presence of tannin (Rooney and
Miller, 1981). The biosynthesis is controlled by Tan1
gene which code for WD40 protein control for tannin
biosynthesis in sorghum (Wu et al., 2012). Tannin
possesses a strong feeding deterrent to weevil and,
therefore, considered as a defensive phytochemical
(Bennett, 1994; War et al., 2012). Various literatures
documented the relationship existing between condensed
tannin and sorghum grains resistance to weevil attack
(Ramputh et al., 1999; Hernandez, 2012).

For example, brown sorghums with
high tannin levels have higher resistance to insect attack
(Wongo, 1998). Ramputh et al. (1999) report that the
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soluble phenolic content consisting primarily of
proanthocyanidins can be an indicator of resistance to S.
oryzaein sorghum grain. Studies indicated the implication
of tannin levels on weevils infestation; for instance,
Pradeep (2013) reported a negative correlation first with
grain damage and second with population build-up of the
S. oryzae; where in every one milligram increase in
tannin content of the sorghum grain had decreased the
grain damage to the level of 0.90% and population build-
up of S. oryzae to the level of 0.69%. More understanding
on the significance of tannin levels on susceptibility of
sorghum grain to insect pest is critical to breeders,
including the methods of elevating its level in susceptible
genotypes to prevent weevil’s damage or developing
sorghum cultivars with higher tannin content.

The role of Flavonoids in sorghum-weevil interaction:
Dykes et al. (2009) reported that sorghums with red and
or purple plant colour had the highest concentration of 3-
deoxyanthocyanins, and those with the black pericarp had
the highest. Flavonoids plays a defensive task in plants by
affecting the behaviour, growth and development of a
number of insects (Lattanzio et al., 2006). In sorghums,
the main flavonoid derivatives are the flavans containing
double bond between C3 and C4 and hydroxylated at C3
are anthocyanidins (Waniska, 2000), mainly flavanols,
isoflavones, flavanones, flavones, and anthocyanins)
(Dicko, 2005). Red pericarp sorghums with tan secondary
plant colour were reported to have the highest levels of
flavones, in addition Flavanones were also found in
sorghum genotypes with a red pericarp; and secondary
plant colour had no influence on the level of flavanones,
these findings indicate that the level and composition of
flavonoid were affected by sorghum genotype (Dykes et
al., 2009). Flavonoids are associated with grain defence
against insect pests through toxicity and feeding deterrent
(Lattanzio et al., 2006). Therefore, this information may
assist sorghum breeders to develop sorghum cultivars
with required levels of flavonoids. There is a need to
research more on the role of flavonoids in sorghum and
concentration needed to bring deterrent effect to weevils.
However, screening for genotypes with higher flavonoids
concentration will provide breeders with reliable sources
of this compound to be used in developing resistant
cultivars to weevils.

Kernel phenotypic aspects conferring resistance to
weevils: There is a correlation between chemical
properties and kernel phenotypic aspects. In sorghum,
phenotypic aspects are heritable traits that could assist
sorghum breeders in selection of traits of interest for
breeding purposes including resistance to insect pests.
Heritable kernel physical traits include seed size,
presence of testa, color, pericarp thickness and hardness
or kernel strength (Geleta and Labuschagne, 2005;
Prajapati et al., 2018). According to Mofokeng et al.
(2017) breeding for resistance to insects entails

knowledge on heritability of a particular trait. For this
reason, there is a need of understanding sorghum kernel
physical aspects convening resistance to weevils to come
up with the best breeding strategies.

Kernel strength: Variation in textural aspect is a
function of genetic and the environmental interaction.
Kernel strength is attributed by the presence of prolamin
and cell wall structure (Holding, 2014); harder sorghum
kernel consists of higher concentration of
kafirins(Chiremba, 2012). Kernel strength present useful
resistance trait against insect pests. Hard grain seems to
resist weevil attack than softer grain. For instance,
Russell (1962) and Russell (1966) reported low
oviposition rate, fewer eggs and short adult life in the
harder sorghum grains. Bamaiyi et al. (2007) reported
low susceptibility in genotypes ICSV1079BF, BES,
ICSV247, ICSV111, and ICSH89009NG confirming the
role of kernel strength in resistance against insect pest.
Prasad et al. (2015) reported a positive significant
relationship between 100 seed weight, median
development period and hardness. Therefore, there is an
urgent need of selecting suitable sources for kernel
strength and identify the best breeding strategies to
improve sorghum cultivars for sustainable management
of weevil infestation in sorghum.

Pericarp color and thickness: According to USDA
(2013) pericarp is an outer layer of sorghum kernel fused
to seed coat. Pfeiffer and Rooney (2015) revealed that
pericarp colour could be an indicator of certain
biochemical in sorghum; for instance, black pericarp is
correlated with higher levels of phenolic compounds.
Pericarp color in sorghum is genetically controlled by R
and Y genes (Earp et al., 2004); while, Z gene control
pericarp thickness. Dykes and Rooney (2006) revealed
that homozygous recessive results into thick pericarp and
the dominant gene result into thin pericarp. Earp and
Rooney, (1982) exposed differences on genotypes based
on pericarp thickness. The variation in pericarp thickness
in sorghums is mainly due to difference in starch granules
within the mesocarp; where thin pericarp are intensely
bound to sorghum kernel (Earp et al., 2004). Regarding
the role of pericarp in insect resistance, undamaged
pericarp convene more resistance than damaged pericarp.
However, thicker pericarp are more susceptible to insect
damage; further, grain coat features discourage
oviposition due to kernel hardness and presence of
enzymes (Williams, 1978; Dasbak et al., 2009).
Moreover, testa in sorghums is genetically controlled by
B1 and B2 genes; testa thickness varies from 8 to 40μm
(Earp and Rooney, 1982). Purple and brown colour testa
is correlated with tannin content in sorghums (Cheng et
al., 2009). Therefore, presence of testa, color and
pericarp thickness in sorghum provides important
information for phenotypic selection when breeding
weevil resistant sorghum cultivars.
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Seed size: Kernel size play crucial role in grain resistance
to weevil; larger kernel size have been associated with
easiness to weevil attack, as large surface area supports
oviposition and food availability for the larva. Russell
(1962); Wongo (1990) and Stejskal and Kučerová (1996)
pointed out that female weevil laid more eggs in larger
kernels (>20 mg) mainly for larvae survival and large
progeny size. Hence, breeder’s knowledge on the
relationship between kernel size and weevil resistance
could be useful in determination of appropriate breeding
strategies to be used in developing best cultivars.

Sorghum improvement: There is a need of developing
biotic stress resistant sorghum cultivars to sustain
sorghum productivity (Mofokeng et al., 2016). Also,
various studies highlighted traits that can be incorporated
to improve sorghum resistance against storage insects
including biophysical and biochemical traits which can
improve both structural and or antibiosis mode of action
(Bergvinson and Garcia-Lara, 2004). Most of the
research targeting plant resistance through breeding
concentrated on the integration of antibiotic and or
antixenosis (Koch et al., 2016). Sorghums have a wide
variation of the type and level of biochemical molecules
including protein resistant molecules, phenol composition
and its content across the genotypes; these are determined
by the genetics and environment (Awika and Rooney,
2004). According to Dykes and Rooney (2007) this
valuable information assist breeders to develop sorghum
varieties high in phenolics or desired compounds such as
condensed tannins and special anthocyanins. Much that
increased levels of these compounds on the sorghum
kernel are important for weevil resistance, their optimum
levels and or impact on sorghum yield needs to be
established through scientific research.

Sources of resistance in sorghum to grain weevils:
Several techniques have been employed to discriminate
sorghum genotypes based on relative resistance; and the
resistant genotypes can be selected as parental materials
for weevil resistance in sorghum breeding programs
(Young, 1977; Leuschner, 1994; Larrain et al., 1995).
Several resistance parameters such as kernel hardness,
weight, oviposition, adult emergence, grain weight loss
and median development period can be used to categorize
genotypes based on their resistance (Adetunji, 1988;
Prasad et al., 2015). It is important to identify source of
resistance from commercial varieties and advanced lines
(Reddy et al., 2006; Reddy et al., 2008). When there is no
resistant genotype, then screening of more genetically
diverse sorghum germplasm such as gene bank
accessions or wide-crosses can be done to look for alleles
that are not present in cultivated sorghum cultivars
(Reddy et al., 2004); and when good sources for
resistance are found biochemical basis must be evaluated
to meet consumer needs, acceptability and safety so as to
avoid some interference such as allergenic caused by

some protein based resistance and toxic biochemical’s
(Bergvinson and Garcia-Lara, 2004).

Currently, source of resistance for Sitophilus
spp. among diverse sorghum genotypes has been
identified in many places. For example, Reddy et al.
(2002) found greater levels of antixenosis in terms of
oviposition in genotypes “2077B, DJ 6514 and IS 11758”
in a free-choice tests; and genotypes “2219B, M 148-138,
P 721 and Nizamabad (M)” in a no-choice tests; and
suggested the need to increase level of resistance in
parental lines including A/B lines to be used hybrid
making so as to protect sorghum from Sitophilus oryzae.
Bamaiyi et al. (2007) categorised five more sorghum
genotypes viz., BES, ICSV111, ICSV247, ICSV1079BF
and ICSH89009NG as highly resistant genotypes
Sitophilus oryzae due to lower F1 progeny emergence.
Besides, Pradeep (2013) reported KMJ 1, CSV 216R, M
35-1, RSJ 1, and AKJ 1, as resistant sorghum varieties to
S. Oryzae using percentage grain damage. Goftishu and
Belete, (2014) categorised sorghum genotype WB-77 as
resistant variety to maize weevil; also, Prasad et al.
(2015) categorised sorghum breeding lines “EC 22, EC
24, PEC 7, PEC 8, EP 57, EP 78 and AKR 354”as
resistant genotypes to Sitophilus spp.and suggested the
same to be employed in sorghum improvement programs
for weevils resistance. In addition, Gerema et al. (2017)
categorised “Lalo and Chemeda” as resistant sorghum
varieties to Sitophilus oryzae. Therefore, it is important to
tranfer the insect resistance genes in sorghum into male-
sterile (CMS), maintainer lines, and restorer lines to
allow materials to be used by institutions in seed industry
to develop grain weevil-resistant hybrids (Sharma et al.,
2005).

Breeding options in an effort of developing weevil
resistant cultivars

Conventional breeding: Population improvement and
selection through conventional breeding can be achieved
for traits like resistance to Sitophilus spp. using
conventional methodologies (Pérez-de-Castro et al.,
2012). Thus, breeders have to investigate genetic
variability for grain weevil resistance and incorporate the
traits in breeding line; through formation of segregating
population which is followed by selection; where the
selections are allowed to self-pollinate to produce pure-
line cultivars; or test crossed to evaluate their worth as a
parental line during hybrid making (Huang et al., 2013).
However, combination of conventional, modern breeding
and genomics can be more useful, in characterizing
weevil resistance in a diverse gene pool and incorporating
resistance traits into useful sorghum cultivars (Dennis et
al., 2008).

Molecular breeding: The use of molecular breeding has
been reported to be effective and can facilitate fast
movement of one or two alleles even the recessive ones
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(Collard and Mackill, 2008), despite the challenge of
limited resources of genome sequencing especially in
developing countries (Helmy et al., 2016), genomic
breeding are useful when dealing with complex traits, and
can be used to develop more efficient sorghum cultivars
using new methodologies such as genomic selection,
marker assisted selection (breeding by design),
association mapping and gene pyramiding (Pérez-de-
Castro et al., 2012) and can facilitate the identification of
recessive allele and detection of QTLs. Various literature
revealed the potential of the whole-genome sequencing in
sorghum, in provision of intact genetic potential for
improving landraces and preferred sorghum cultivars
(Mace et al., 2013). For instance, in marker assisted
selection (MAS), selection is conceded out on the basis of
a marker instead of the trait, due to the tight association
between the marker and QTL or major gene associated
with the trait; this facilitates the determination of desired
traits even at early stages of breeding cycle. The genomic
region in sorghum associated with resistance to S. oryzae
has been identified; including 21 QTLs for grain weight
loss (GLW), percentage kernel damage (PKD) and the
flour production (FP) were mapped in chromosome 2 and
can be used to understand weevils resistance mechanisms
and be used to improve or develop resistant cultivars
through marker assisted approaches (Zhai et al., 2016).

Metabolomics assisted breeding is currently
regarded as useful emerging strategy that can be used in
genomics assisted breeding, with great potential in
phenotyping and diagnostic analysis in sorghum, and
should be taken as an addition tool in genomics assisted
selection for crop improvement (Fernie and Schauer,
2009). Studies revealed the potential of metabolomics in
characterizing biochemical variation within species,
metabolic engineering and assessment of plant responses
to the environment including biotic and abiotic stresses;
furthermore, the genome Wide Association Mapping
(GWAS) can be used to clearly connect the chemical
variations of metabolomic profiles and their locations
within the genome so as to assist in examining
quantitative traits; and can be used as biomarkers in the
prediction of traits (Turner et al., 2016). This tool
therefore, enables evaluation of the level of broad range
of metabolites; and entails the effect of genetic diversity

on phenotypic variability in sorghum; In this case,
metabolites related with heterosis could assist sorghum
breeders in developing heterotic hybrids using molecular
tools, though MAS of parental parents and improvement
of parental lines for heterotic potential by marker assisted
introgression of favourable allele; the use of Metabolome
and protein profiling is critical in heterosis prediction
because they signify likely targets for assessing heterosis
appearance (Rajendrakumar, 2015).

Genetic engineering: According to Sharma et al. (2005),
through genetic engineering, the metabolic pathways in
sorghum may be altered to increase the level of
secondary metabolites such as flavonoids; this might
improve crop resistance to insect pest. Genetic
transformation has been successful in cereal crops such as
maize, wheat, barley and rice but has been difficult in
sorghum (Moya, 2016). However, Sharma et al. (2005)
revelead the possibility of developing insect resistant
transgenic sorghums through incorporation of novel
genes from Bacillus thuringiensis, plant lectins and or
protease inhibitors; incorporation of these insecticidal
genes will substitute the need for synthetic insecticides or
any other grain weevil control strategies in sorghum and,
therefore, eliminate or reduce environmental
contamination resulted from use of synthetic chemicals;
and the associated insect resistance. The use of genetic
engineering in combination with natural sorghum
resistance could assist genetic improvement of the crop in
terms of yield and reduce susceptibility to insect pests
including Sitophilus spp.

Description of weevil-sorghum interaction and its role
in breeding: Sorghum interaction and its chemistry that
can be used in developing resistant sorghum cultivars to
Sitophilus spp. is as summarised in Fig 3. Various
mechanisms can be drawn in the interaction including;
weevil attack strategies, sorghum grain defensive
strategies including antixenosis and antibiosis effects; and
the related chemical compounds contributing to grain
defence such as amylose, lysine content in protein,
flavonoids, phenolic acids and condensed tannins. These
traits can be exploited as source of resistance to weevils.
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Figure 3. Model describing grain weevil-sorghum interaction and its role in breeding.

Conclusion: The interaction between sorghum and
weevils (Sitophilus spp.) provides useful information on
insect invasion strategies and host defensive mechanisms
including chemical molecules. Apart from antibiosis and
antixenosis effect to insect pest, these chemical molecules
contribute in modulating grain hardness and strength,
which are regarded as important phenotypic traits for
grain resistance to weevil. Availability of these chemical
defensive molecules in sorghum grain describes the level
of grain susceptibility to weevils, where genotype with
higher concentration of resistant protein and secondary
metabolites can resist attacks and vice versa. It is
worthwhile to note that, sorghum chemical related
defensive traits are genetically based, and provide
potential source of resistance, and can be exploited
through various breeding options to develop new
sorghum varieties with enhanced chemical related
defence.
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